Nrf2 is a master transcription factor that regulates a wide variety of cellular proteins by recognizing and binding to antioxidant response elements (AREs) in their gene promoter regions. In this study we show that increasing cellular Nrf2 results in transcriptional activation of the gene for mTOR, which is central to the PI3K signaling pathway. This is the case in cells with normal physiological PI3K. However, in cells with abnormally active PI3K increased cellular Nrf2 levels have no effect on mTOR. ChIP assays results show that increased Nrf2 binding is associated with decreased p65 binding and H3-K27me3 signal (marker of gene repression) as well as increased H3-K4me3 signal (marker of gene activation). However, in cells with PI3K activation, no effect of cellular Nrf2 increase on mTOR transcription was observed. In these cells, increasing Nrf2 levels increases Nrf2 promoter binding marginally, whereas p65 binding and H3-K27me3 mark were significantly increased, and H3-K4me3 signal is reduced. Together, these data show for the first time that Nrf2 directly regulates mTOR transcription when the PI3K pathway is intact, whereas this function is lost when PI3K is activated. We have identified a link between the Nrf2 system of sensing environmental stress and mTOR, which is a key cellular protein in metabolism. Studies in cells with activating mutations in the PI3K pathway suggest that Nrf2 transcriptional regulation of mTOR is related to promoter binding of p65 and of methylation of histone residues permissive of transcription.
Nrf2 is a master transcription factor that regulates a wide variety of cellular proteins by recognizing and binding to antioxidant response elements (AREs) in their gene promoter regions. In this study we show that increasing cellular Nrf2 results in transcriptional activation of the gene for mTOR, which is central to the PI3K signaling pathway. This is the case in cells with normal physiological PI3K. However, in cells with abnormally active PI3K increased cellular Nrf2 levels have no effect on mTOR. ChIP assays results show that increased Nrf2 binding is associated with decreased p65 binding and H3-K27me3 signal (marker of gene repression) as well as increased H3-K4me3 signal (marker of gene activation). However, in cells with PI3K activation, no effect of cellular Nrf2 increase on mTOR transcription was observed. In these cells, increasing Nrf2 levels increases Nrf2 promoter binding marginally, whereas p65 binding and H3-K27me3 mark were significantly increased, and H3-K4me3 signal is reduced. Together, these data show for the first time that Nrf2 directly regulates mTOR transcription when the PI3K pathway is intact, whereas this function is lost when PI3K is activated. We have identified a link between the Nrf2 system of sensing environmental stress and mTOR, which is a key cellular protein in metabolism. Studies in cells with activating mutations in the PI3K pathway suggest that Nrf2 transcriptional regulation of mTOR is related to promoter binding of p65 and of methylation of histone residues permissive of transcription. The cellular detoxification system plays a vital role in maintaining cell homeostasis and providing a defense mechanism against oxidative and electrophilic stresses (1, 2) . These stressors are known to cause cell injury and/or cancer-specific metabolic reprogramming. Nrf2, a cap'n collar basic leucine zipper transcription factor, is a vital part of the cyto-protective apparatus of the cellular detoxification system (3) . It is responsible for the activation of various detoxifying proteins including intracellular redox-balancing proteins, phase II drug metabolizing enzymes, and Phase III membrane efflux transporters such as multidrug resistance-associated proteins (4 -6) . In normal physiological conditions, Nrf2 maintains a housekeeping expression of target genes by forming a complex with Keap1 and Cul3 in the cytosol, resulting in the degradation of the Nrf2 protein by the ubiquitin-proteasome pathway (4, 7) . However, in the presence of stressors, Nrf2 escapes the inhibitory effect of Keap1 and/or Cul3, and translocates to the nucleus where it dimerizes with other bZIP proteins, like small Maf proteins, and binds to the anti-oxidant response elements (AREs) 3 to activate a battery of cytoprotective and anti-oxidant gene targets (1) . AREs are cis-acting regulatory elements present in the promoters of Nrf2 target genes and are present as single or multiple copies (8) . Numerous studies using deletion and mutational analysis identified the core ARE sequence to be 5Ј-TGACNNNGC-3Ј (9, 10) . This same core ARE sequence has also been used, via bioinformatics algorithms, to identify putative targets of Nrf2 (9) .
The phosphatidylinositol 3-kinase (PI3K) pathway plays a vital role in cell survival and is involved in metabolism, apoptosis, cell growth, differentiation, calcium signaling, and insulin signaling (11) . The main components of this pathway include AKT, TSC2, and mTOR. The latter has a central role in various signaling pathways responsible for the intra-and extracellular detection of nutrient levels, functioning as a metabolic regulator of cellular anabolic and catabolic processes, which couple growth signals to nutrient availability via ribosome biogenesis and autophagy, many processes that can generate reactive oxygen species (12) (13) (14) (15) (16) . mTOR is a component of two functionally and structurally distinct complexes, namely, rapamycinsensitive mTOR complex 1 (mTORC1) and rapamycininsensitive mTOR complex 2 (mTORC2) (13, 14) . mTORC1 is involved in the regulation of translation, autophagy, growth, lipid biosynthesis, mitochondria, and ribosome biogenesis, whereas mTORC2 is known to control cell survival and proliferation (13, 14) . Inhibition of mTOR activity has been the aim of intense anti-cancer clinical research in recent years, including in anti-cancer therapeutics, as it is a critically important feature of cancer cells (17) (18) (19) .
Some cross-talk between Nrf2 signaling and other prominent signaling pathways has been documented, including PI3K and ERK pathways (20 -23) . Utilizing the core ARE motif, a combination of ChIP-Seq, global transcriptional profiling, and microarrays were performed to elucidate different targets and the multiple regulatory networks of Nrf2. This has shed light on the functional significance of Nrf2 as a transcription factor regulating genes unrelated to cytoprotection (10), long considered the primary functional targets of Nrf2. Directly or indirectly, Nrf2 levels modulate a myriad of cell survival processes such as cell cycle, apoptosis, autophagy, and inflammation (10) . Interestingly, Nrf2 has been shown to indirectly regulate members of the PI3K pathway. A mutated form of Nrf2 affects mTOR activity indirectly via another protein called RagD (24) , whereas another study showed that Nrf2 affects melanogenesis by modulating the activity of different components of the PI3K pathway, including AKT, S6K, and mTOR (25) .
However, to our knowledge, no studies have determined whether modulation of Nrf2 expression directly leads to a change in mRNA and protein expression of components of the PI3K pathway nor the mechanism of any such effects. Preliminary data in our laboratory in human cell lines showed that in cells with a normal physiological PI3K pathway, increasing the level of Nrf2 results in higher mTOR protein levels. It is, however, not clear whether this regulation happens at the transcription or at the protein level only and whether it is a direct or indirect interaction. The goal of the present is to elucidate the nature of regulation of mTOR by Nrf2.
Results
Measure of mRNA and Protein Levels-In the case of Nrf2 induction, two human non-small cell lung cancer cell lines, A549 and H460, were transfected with Nrf2 cDNA (FLAG-Nrf2), resulting in Nrf2 overexpression in both cell lines as measured by mRNA ( Fig. 1A ) and protein levels ( Fig. 1B) . Interestingly, the effect of Nrf2 increase on mTOR was different in the two cell lines. In A549 cells, which bear no PI3K pathway mutations, both mRNA and protein levels of mTOR were increased FIGURE 1. Nrf2 overexpression modulates mTOR expression in a cell line-dependent manner. A, increased Nrf2 levels induces up-regulates mTOR transcription both in A549 and HEK cells, whereas a modest decrease was observed in H460 cells. As a positive control, NQO1 mRNA levels were increased in the three cell lines after Nrf2 overexpression. Values represent a ratio relative to GAPDH mRNA levels and are expressed as percentage of pcDNA-transfected controls. B, protein levels as well as mTOR activity (assessed by p-S6K levels) were increased after Nrf2 overexpression both in A549 and HEK cells. Increased Nrf2 levels in H460 cells did not induce any significant change in mTOR protein levels or mTOR activity. mRNA data are expressed as the mean Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus control pcDNA-transfected cells. The Western blot figure is representative of at least three different experiments.
in the presence of higher Nrf2 levels (Fig. 1, A and B) . In contrast, in H460, which has a recognized activating PI3K mutation, a small decrease, although not significant, was observed in MTOR mRNA levels ( Fig. 1A) , whereas no apparent change in mTOR protein levels was observed ( Fig. 1B) . To generate conditions of decreased cellular Nrf2, the two cell lines were transfected with siNrf2, leading to a strong decrease in Nrf2 expression ( Fig. 2, A and B) . In A549 cells, Nrf2 down-regulation had no effect on mTOR expression ( Fig. 2, A and B) , whereas in H460 cells, Nrf2 knockdown was associated with an increase in MTOR mRNA levels ( Fig. 2A ), but no apparent change in levels of mTOR protein was observed ( Fig. 2B ). To determine if the observed Nrf2 effect is restricted to malignant cells, we measured mTOR expression in conditions of Nrf2 overexpression and Nrf2 knockdown in the human embryonic kidney (HEK) cells, a non-malignant immortalized cell line. When Nrf2 was overexpressed, mTOR mRNA and protein levels were increased ( Fig. 1, A and B) , whereas mTOR levels were not affected after Nrf2 knockdown (Fig. 2, A and B) , a result similar to that observed in A549 cells. Increase of mTOR expression in A549 and HEK cells translated into increased mTOR activity, as phosphorylation of its downstream targets, phospho-S6K and p4E-BP1, were up-regulated in both cell lines ( Fig. 1B ). In contrast, in H460 cells the increase in MTOR mRNA levels observed Nrf2 knockdown did not lead to a change in mTOR protein expression or activity ( Fig. 2B ). As a control for Nrf2 activity, we measured the effect of Nrf2 modulation on NQO1 expression, a well documented target of Nrf2. As expected, NQO1 expression in the three cell lines increased after Nrf2 induction ( Fig. 1A ) and decreased after Nrf2 knockdown ( Fig.  2A ).
Nrf2 Can Regulate MTOR Promoter Activity-To demonstrate that Nrf2 affects MTOR transcription by acting on its promoter, we cloned promoter fragments containing the ARE core sequence from MTOR and NQO1 upstream of firefly luciferase (pGL3-MTOR and pGL3-NQO1 vectors, respectively) ( Fig. 3A ) and transfected them into the studied cell lines. The relative luciferase activity of the MTOR promoter was expressed as a ratio of the pGL3-MTOR (or pGL3-NQO1 in the case of NQO1) reporter activity to that of the control plasmid pRL (Renilla luciferase) and was measured in conditions of Nrf2 down-regulation and Nrf2 overexpression. Consistent with our findings at the mRNA and protein levels, Nrf2 induction led to an increased MTOR promoter activity in A549 and HEK cells ( Fig. 3B ), whereas in H460 cells we observed a small decrease, which is not significant, in MTOR promoter activity ( Fig. 3B ). On the other hand, Nrf2 down-regulation significantly increased MTOR promoter activity in H460 cells ( Fig. 3B ) and had no effect on MTOR in A549 and HEK cells ( Fig. 3B ), which is consistent with data observed from mRNA and protein analysis.
Mutation in the ARE sequence of MTOR promoter, which consisted of the deletion of 3 bp of the ARE consensus sequence ( Fig. 3A ), led to a small increase (not significant) in promoter activity in H460 cells and a modest decrease in A549 (p Ͻ 0.05 compared with WT promoter) and HEK cells ( Fig. 3C ), suggesting that Nrf2 do not play a major role in the basal expression of MTOR. Mutation of the ARE sequence also abolished the changes observed after Nrf2 modulation ( Fig. 3B ). In other words, both the increase observed in A549 and HEK cells after Nrf2 induction ( Fig. 3B ) and the increase observed in H460 after Nrf2 knockdown ( Fig. 3B ) were abolished, confirming that the observed regulation of MTOR expression by Nrf2 acts through an Nrf2-ARE interaction. As a control for Nrf2 activity, we used pGL3-NQO1 vector, a promoter known to be targeted by Nrf2. As expected, the activity of the NQO1 promoter decreased in the three cell lines after Nrf2 knockdown ( Fig. 3B ). On the other hand, overexpression of Nrf2 led to an increased NQO1 promoter activity ( Fig. 3B ). Mutation of 3 bp of NQO1 ARE, which consisted of deletion of 3 bp of the consensus sequence, dramatically decreased NQO1 promoter activity ( Fig. 3C ). On the other hand, mutation of the ARE completely abolished all the changes in the activity of NQO1 promoter that followed Nrf2 modulation. Thus, an increase of Nrf2 as well as the decrease of Nrf2 had no significant effect on mutant NQO1 promoter activity (Fig. 3B) .
In Vitro Binding of Nrf2 to MTOR ARE Region-To determine if Nrf2 acts directly by binding to the ARE sequence of MTOR, we performed pulldown assays using a 30-bp biotinlabeled DNA probe (Table 1) corresponding to the MTOR promoter region that contains the ARE sequence (WT MTOR probe). As a control, we used a mutated biotin-labeled probe having the same sequence as the previous one but with a scrambled sequence of the ARE region (Table 1) . A negative control (no probe) was also included in the pulldown assay. Results suggest that Nrf2 binds to the ARE present in the MTOR promoter region, as Nrf2 protein amount pulled down with the WT MTOR probe was 2-fold higher than the amount pulled down with the mutant MTOR probe ( Fig. 4A ). As a positive FIGURE 2. Nrf2 down-regulation had little effect on mTOR expression and activity. A, decreased Nrf2 levels had no effect on mTOR transcription in A549 and HEK cells, whereas a small increase in mTOR mRNA levels was observed in H460 cells. NQO1 mRNA levels significantly decreased in the three cell lines after Nrf2 knockdown. Values represent a ratio relative to GAPDH mRNA levels and expressed as percentage of scrambled-transfected controls. B, protein levels as well as activity of mTOR did not change after Nrf2 down-regulation in the three cell lines. mRNA data are expressed as the mean Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus scrambled-transfected cells. The Western blot figure is representative of at least three different experiments.
control for Nrf2 binding, pulldown assays were also performed with a biotinylated probe corresponding to NQO1 ARE region (WT NQO1 probe) and its scrambled version (mutant NQO1 probe) ( Table 1) . Nrf2 binding to the ARE sequence of WT NQO1, was stronger than Nrf2 binding to scrambled NQO1 AREs. Results using these MTOR and NQO1 probes suggest that binding of Nrf2 to the MTOR probe is weaker than the binding of Nrf2 to NQO1 probe, as demonstrated by the intensity of the Nrf2 bands in both conditions ( Fig. 4A ), but that it does occur.
The binding of Nrf2 to ARE in the MTOR (and NQO1) promoter was further confirmed in vitro using an electrophoretic mobility shift assay (EMSA), which was performed using probes having the same sequence as for DNA pulldown assay. Probes were radiolabeled and incubated with the nuclear extract from A549 cells. Results show that Nrf2 binds to WT MTOR and WT NQO1 promoters and that Nrf2 binding to MTOR promoter is weaker compared with Nrf2 binding to NQO1 promoter ( Fig.  4B ). Mutation of the MTOR probe strongly decreased binding of Nrf2, further confirming that Nrf2 can directly bind to the ARE of MTOR promoter (Fig. 4B ). As expected, introducing a mutation in the ARE sequence of NQO1 almost abolished Nrf2 binding to NQO1 ARE sequence ( Fig. 4B ). However, supershift using Nrf2 antibody was not conclusive, as it did not reveal any band either with NQO1 or MTOR probes. Therefore, more conclusive evidence was sought using chromatin immunoprecipitation (ChIP) assays.
PI3K Pathway Activation May Interfere with MTOR Regulation by Nrf2-Our findings from mRNA and protein expression as well as MTOR promoter activity suggest that whereas Nrf2 modulation may regulate mTOR expression and/or activity, this may be affected by the physiologic state of the PI3K pathway. To explore this further, we measured MTOR mRNA and protein expression in other human cancer cell lines having different PI3K pathway status. In addition to the three cell lines used in this study (A549, H460, and HEK), we used seven additional cell lines, five of which have an activated PI3K pathway (MCF7, T47D, and BT20 (PI3KCA activating mutation), MDA468 (inactivating mutation of PTEN, which is an inhibitor of mTOR), MDA231 (BRAF and PDGFRA activating mutations)) and two bearing physiologic the PI3K pathway (H322 and H358). Western blots using total protein confirmed the activation status of PI3K/mTOR in these cells, as levels of p-4EBP1 and/or phospho-S6K, which are markers of PI3K pathway activation, were stronger in T47D, BT20, MDA468, MDA231, MCF7, and H460 cells. In contrast, levels of p-S6K or p-4EBP1 were relatively low in A549, HEK, H358, and H322 ( Fig. 5 ). Interestingly, if we include H460, A549, and HEK cells, none of the cells with activated PI3K pathway had increased mTOR expression after Nrf2 induction. In contrast, in cells with physiologic PI3K pathway, mTOR expression was increased in three of four cell lines, including A549 and HEK ( Fig.  1 ) as well as H358 ( Fig. 6 ) but not in H322 cells. These findings strongly suggest that Nrf2 modulation have a different effect on mTOR depending on whether the PI3K pathway is activated or not. This provides the opportunity to interrogate the possible mechanisms of the differential effects of Nrf2 and whether Nrf2 acts directly or indirectly on MTOR promoter to achieve its effects.
Nrf2 Binds to MTOR Promoter in Vivo under Inducible
Conditions-To confirm that Nrf2 binds in vivo to the ARE sequence in the MTOR promoter and in an attempt to explore the mechanisms behind the differential mTOR regulation by Nrf2, we performed ChIP assays coupled to detection by quantitative real-time PCR using primers described in (Table 1) . Three cell lines having the activated PI3K pathway (H460, MDA468, and T47D) and two cell lines having the physiologic PI3K pathway (A549 and H358) were used in the ChIP assays. Chromatin extracts from these cells were immunoprecipitated with antibodies against Nrf2, RelA/p65, and with antibodies against histone modification markers: H3-K4me3 (histone 3 trimethylated at residue lysine 4) and H3-K27me3 (histone 3 trimethylated at residue lysine 27), which are associated with gene activation and gene repression, respectively. Anti-IgG antibody was used as negative control (mock). ChIP signals were divided by the IgG signals (considered as background), representing the ChIP signal as the -fold increase in signal relative to the background signal. Results show that Nrf2 binds the MTOR promoter in all five cell lines except T47D ( Fig. 7) , as -fold increase in Nrf2 binding to MTOR promoter was significantly higher than the background in A549 (3.52ϫ), H460 (6.73ϫ), MDA468 (1.98ϫ), and H358 (1.78ϫ). In T47D cells, the Nrf2 signal was comparable to the background. After Nrf2 induction, its binding to MTOR promoter increased in all cell lines (ϩ108% in A549, ϩ28% in H460, ϩ42% in MDA468, and ϩ84% in H358). In T47D, the increase in Nrf2 binding (ϩ26%) was not significant compared with the pcDNAtransfected cells. Interestingly, in H460 and MDA468 cells (both having abnormally active PI3K pathway), the increase in Nrf2 binding was associated with an increase in p65 binding (ϩ33% in H460; ϩ 93%in MDA468) and with an increase in gene repression marker H3-K27me3 signal (ϩ420% in H460, ϩ33% in MDA468), concomitant with a decrease in gene activation marker H3-K4me3 signal (Ϫ30% in MDA468 and Ϫ78% in H460 cells) ( Fig. 7) . In the two cell lines bearing the physiologic PI3K pathway, we found the exact inverse. The signal for H3-K27me3 was decreased in both A549 and H358 (Ϫ34% and Ϫ62%, respectively), whereas the signal for H3-K4me3 was increased (ϩ43%) in both cell lines. Furthermore, p65 binding was slightly decreased in both A549 and H358 cells (Ϫ14% and Ϫ15% respectively), but the decrease was not significant. ChIP results clearly show that Nrf2 binding to MTOR promoter has different effects on p65, H3-K27me3, and H3-K4me3 whether the PI3K pathway is activated or not, and this may explain, at least partly, the different regulation of MTOR after Nrf2 induction. As a control for Nrf2 activity, we also measured the bind- bold) . B, Nrf2 acts on promoter regions of mTOR and NQO1; Nrf2 down-regulation had no effect on mTOR promoter activity in A549 and HEK cells, whereas an increase in activity was observed in H460 cells. Nrf2 overexpression increased mTOR promoter activity in both A549 and HEK cells, whereas a small decrease was observed in H460 cells. Mutation of the ARE sequence in the mTOR promoter cancelled the Nrf2 effects. The NQO1 promoter activity was regulated by Nrf2 modulation. Promoter activity increased when Nrf2 was up-regulated and decreased in the case of Nrf2 knockdown. As expected, when the ARE sequence of NQO1 promoter was mutated, promoter activity did not respond to changes in Nrf2 levels. C, mutation of the ARE sequence had no significant effect on MTOR promoter activity in H460 and HEK cells, whereas it had a significant decrease (Ϫ25%) in A549 cells. Mutation of ARE dramatically decreased NQO1 promoter activity in the three cell lines. The results are presented as the percentage of luciferase activity of pCDNA-transfected controls in the case of Nrf2 overexpression and as a percentage of luciferase activity of scrambled siRNA-transfected controls in the case of Nrf2 down-regulation. Data are expressed as the mean Ϯ S.D. of at least three different experiments. *, p Ͻ 0.05; ***, p Ͻ 0.001compared to control condition.
ing of Nrf2 and p65 as well as measurements of H3-K27me3 and H3-K4me3 signals in the NQO1 promoter. Nrf2 induction led to an increase of Nrf2 binding in all cell lines. The effect of Nrf2 induction on the NQO1 promoter was almost the same as for the MTOR promoter, except for H3-K4me3 signal. Indeed, p65
binding to the NQO1 promoter as well as H3-k27me3 signal were increased in cells bearing the active PI3K pathway, whereas they were significantly decreased in cells with the physiologic PI3K pathway. In the other hand, H3-K4me3 was increased in all five cell lines studied regardless of the PI3K pathway activation status. In summary, the ChIP result suggests that, after Nrf2 induction, increase the of mTOR expression in cells having the physiologic PI3K pathway is associated with an increase in H3-K4me3 signal and a decrease of H3-K27me3 signal, whereas p65 does not seem to play a role as its binding to MTOR promoter did not change compared in Nrf2-transfected cells. In cells bearing the abnormally activated PI3K pathway, the non-response of mTOR to increased Nrf2 binding to the MTOR promoter was associated with an increased binding of p65 and increased H3-K27me3 signal, parallel to a decrease in H3-K4me3 signal.
Discussion
To our knowledge this is the first report showing that Nrf2 can act upstream of the PI3K pathway and transcriptionally regulates one of its major components, i.e. mTOR. We also provided evidence for a direct binding of Nrf2 on the MTOR promoter by in vitro and in vivo assays. Previous studies have already shown an indirect regulation of mTOR by Nrf2, with intermediary proteins acting post-translationally on mTOR. Nrf2 was shown to indirectly up-regulate mTOR activity by increasing the expression of RagD, a protein known as an activator of mTOR (16) . In another study involving 90 cases of surgically treated lung squamous cell cancer patients, among which 14 cases were positive for a NRF2 gene mutation, expression of RagD was 3 times higher in the group of tumors having mutated Nrf2 compared with the ones with WT Nrf2, indicating a correlation between Nrf2 mutation and RagD expression and, thus, to mTOR activity (26) . Nrf2 was also shown to regulate melanogenesis in normal human dermal melanocytes by directly modulating activity of components of the PI3K pathway, including AKT and mTOR (25) . In the latter case, mTOR activity was found to be increased in cells with overexpressed Nrf2, but the precise mechanism and site of this action was not examined. Nonetheless, this represents another report showing that, in completely different cell lines from those used in our study, increased levels of Nrf2 results in mTOR activation (25) .
In the present study, we showed that a similar initiating event, i.e. overexpression of Nrf2, leads to different outcomes depending on whether the PI3K pathway is activated by virtue of mutations or not. Increased cellular Nrf2 results in epigenetic transcriptional activation of mTOR in three of four cell lines bearing the physiologic PI3K pathway, whereas in all cell lines having the activated PI3K pathway by virtue of various mutations, Nrf2 induction had no effect on mTOR expression. Results from the ChIP assays first showed that Nrf2 is able to bind MTOR promoter in vivo and that induction of Nrf2 increased its binding to the MTOR promoter in all the cell lines studied. Due to the presence of a consensus sequence for p65 binding very close to the ARE sequence of the MTOR promoter (8 bp downstream of ARE sequence), we explored the possibil- . Nrf2 was capable of binding to the ARE region of the mTOR promoter. A, using a pulldown assay, Nrf2 binding to the sequence corresponding to the ARE sequence in mTOR promoter and to its mutated form. Nrf2 binding to mTOR probe significantly decreased when ARE was mutated compared with WT probe. As a positive control, we observed strong binding of Nrf2 to probe corresponding to ARE in NQO1 promoter, and mutation of this ARE strongly decreased Nrf2 binding. B, using EMSA assay and the same probes as in pulldown assay, results show that Nrf2 bound to mTOR probe and that mutation of ARE sequence in the mTOR probe significantly decreased Nrf2 binding (arrow). As a positive control, Nrf2 bound to NQO1 probe containing ARE located in the NQO1 promoter, and mutation of the ARE strongly decreased Nrf2 binding (arrow). FIGURE 5. PI3K pathway activation status in different cell lines. Protein levels of phospho-S6K and phospho-4EBP1, which are markers of PI3K pathway activation, were measured in 10 different cell lines. p-S6K and/or p-4EBP1 levels were stronger in MCF7, MDA231, BT20, T47D, MDA468, and H460cells, all expected to have activated PI3K pathway by virtue of different mutations, whereas expression of the two phosphoproteins was lower in HEK, A549, H358, and H322 cells, which have no reported mutations activating PI3K pathway.
ity of p65 binding to the MTOR promoter near the ARE region. Although the anti-inflammatory role of p65 is well established, it is also known to interface with Nrf2 at several points to control the transcription or function of their downstream targets, sometimes synergizing and sometimes antagonizing their effects. For instance, deletion of Keap1, which results in Nrf2 activation, has also been shown to lead to the accumulation and stabilization of IKK␤ and the consequent up-regulation of NF-B (p65)-derived tumor angiogenic factors (27) . p65, together with p50, is also able to induce transcription of Nrf2 in AML cells, thus encouraging resistance to chemotherapy-induced cytotoxicity (28) . Synergy was also shown between NF-B (p65) and Nrf2 in regulating antioxidative response in renal cells (29) . On the other hand, Nrf2 and p65 can be functionally antagonistic. The absence of Nrf2 induces more aggressive inflammation through activation of p65 and downstream proinflammatory cytokines in astrocytes (30) . Furthermore, activation of Nrf2-mediated antioxidative signaling attenuates NF-B-mediated inflammatory response in a colitis-associated colorectal cancer model (31) , and Nrf2 Ϫ/Ϫ mice showed increased pulmonary NF-B activity and inflammatory response after traumatic brain injury (32) . p65 was also shown to physically bind to Keap1 in vitro and in vivo, leading to inhibition of Nrf2 pathway (33) . Interestingly, in cells where p65 and Nrf2 were simultaneously activated, p65 unidirectionally antagonized the transcriptional activity of Nrf2 in a way that was independent of its own transcriptional activity (34) . Rather, this was achieved by p65 binding to DNA and competing for the transcriptional co-activator CBP (cAMP-response element-binding protein (CREB)-binding protein)-p300 complex (34) , leading to inhibition of Nrf2-regulated genes. In addition to p65, we also measured changes in markers of histone modification because aside from influencing local chromatin structure these modifications are also recognized by specific adaptor proteins that in turn recruit protein complexes and thereby affect gene regulation. Some of these histone marks such as trimethylation of residue FIGURE 6. Activation of PI3K pathway seemed to interfere with the mTOR regulation by Nrf2. A, except for T47D, Nrf2 overexpression did not regulate mTOR protein levels in cell lines that bear the dysregulated PI3K pathway, i.e. MCF7, BT20, BT20, and MDA468. In T47D, Nrf2 increase lead to a decrease in mTOR activity as p-S6K and p-4EBP1 were decreased, and the decrease was not related to a change in MTOR transcription or protein levels. On the other hand, Nrf2 overexpression increased mTOR protein expression in H358 cells but not in H322; both cell lines were believed to have a physiological PI3K pathway. Increased mTOR expression translated into up-regulated mTOR activity levels of p-4EBP1 and p-S6K. B, analysis of mRNA levels confirmed that mTOR expression was regulated by Nrf2 overexpression in H358 cells, whereas no significant change was observed in the six remaining cell lines. Values represent a ratio relative to GAPDH mRNA levels and expressed as percentage of pcDNA-transfected controls for each cell line. mRNA data are expressed as the mean Ϯ S.D. n ϭ 3. **, p Ͻ 0.01, versus pCDNA transfected cells. The Western blot figure is representative of at least three different experiments. DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 25483 lysine 4 of histone 3 (H3K4me3) are strongly associated with actively transcribed genes (35) (36) (37) (38) , whereas other modifications, including trimethylated lysine 27 of histone 3 (H3K27me3) are enriched within repressed regions (39, 40) .
Nrf2 Transcription Factor Can Directly Regulate MTOR
In the present study a deeper look at ChIP assay data in NQO1 and MTOR promoters provides a more complete picture of the possible mechanisms governing the regulation of these genes by Nrf2 and p65. In both promoters and only in cells bearing abnormally active PI3K pathway, Nrf2 induction led to an increase in p65 binding and in levels of H3-K27me3 mark, whereas Nrf2 overexpression decreased levels of H3-K27me3 signal and p65 binding (although not significantly in some cases) in cells with the physiologic PI3K pathway. On the other hand, the regulation of H3-K4me3 in both promoters is very interesting, as Nrf2 overexpression led to an increase of H3-K4me3 in NQO1 promoter in all cell lines, as opposed to the MTOR promoter where the increase was restricted to cells with the physiologic PI3K pathway. These results first show a strong correlation between p65 binding and markers of gene repression, consistent with a possible role for p65 as a negative regulator in both Nrf2-regulated promoters. The results also suggest that Nrf2 and p65 probably compete to regulate NQO1 and MTOR promoters. The only difference lies in the high abundance of Nrf2 proteins bound to NQO1 promoter as well as the strong levels of H3-K4me3, the combination of which likely renders an increase in p65 binding to the NQO1 promoter in PI3K-activated cells inadequate to compete for NQO1 promoter activity. These mechanisms of mTOR promoter regulation suggested by our results do not explain, however, how PI3K activation selectively regulates p65 binding to MTOR promoter after Nrf2 induction. It was shown for example that EGFR activates NF-B (p65) through the PI3K/Akt pathway by promoting the nuclear translocation of p65 (41) . Also, in PI3Kactivated prostate cells, MTOR was shown to control p65 activity by increasing its translocation to the nucleus to induce its target genes (42) . On the other hand, oncogenic H-Ras was shown to require PI3K and Akt to stimulate the transcriptional activity of p65 by stimulating the transactivation domain 1 of the p65 subunit rather than inducing p65 nuclear translocation (43) . Several other studies confirm the role of activated PI3K pathway in the activity of p65 (44 -47) . Thus, the activated PI3K pathway leading to increased translocation of p65 to the nucleus or to posttranslational-activating modification of p65 are two possible mechanisms that may explain the selective regulation of MTOR promoter by Nrf2 in PI3K-activated cells.
In summary, our study definitely shows that Nrf2 can bind to the mTOR promoter and that Nrf2 induction can regulate the MTOR promoter. This is exclusive of cells bearing a mutationally active PI3K pathway where Nrf2-induced MTOR regulation is inhibited by increased p65 binding to the MTOR promoter and changes in histone modification markers favoring inhibition of promoter activity. To our knowledge this study is the first to show Nrf2 binding affects, either directly or indirectly, the methylation of lysine residues of histone 3 as a mech-FIGURE 7. PI3K pathway activation status differentially affected changes in histone modifications as well as p65 binding to MTOR promoter. A, Nrf2 overexpression led to its increased binding to MTOR promoter. This led to different results depending on the activation state of PI3K pathway. In A549 and H358, which have physiologic PI3K pathway, increased Nrf2 binding led to increased H3-K4me3 signal parallel to a small decrease in H3-K27me3 and in p65 binding. In H460 and MDA468, both hosting abnormally activated PI3K pathway, increased Nrf2 binding resulted in higher p65 binding and higher H3-K27me3 signal, concomitant with a decrease in H3-K4me3 levels. In T47D cells, Nrf2 induction did not result in significant increase in Nrf2 binding, and no significant change was observed in H3-K27me3 and H3-K4me3 signals as well as p65 binding. B, Nrf2 overexpression led to its increased binding to NQO1 promoter. This led to decreased H3-K27me3 signal and p65 binding, whereas no significant change was observed in H3-K4me3 mark in A549 and H358 cells. In H460, MDA468, and T47D, H3-K27me3 mark and p65 binding were increased, whereas H3-K4me3 was significantly increased in H460 and MDA468 cells. -Fold increase data are expressed as the mean Ϯ S.D. of three different experiments. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 compared with pcDNA-transfected controls.
anism to regulate the expression of its target genes. It is also the first to suggest that the PI3K pathway can interfere with Nrf2 activity, especially in promoters where Nrf2 binding is not strong. Finally, it is the first report to show that p65 binds to MTOR promoter and plays a role in the MTOR regulation by Nrf2.
There is a very active area of research that seeks to modify Nrf2 levels both to prevent carcinogenesis and to sensitize tumors to anti-cancer therapies (48, 49) . There is also and active clinical investigation of combinations of mTOR-modulating drugs with other therapeutic agents (50, 51) . Our data suggest there may be an important opportunity to integrate these approaches, and this will necessarily include the PI3K pathway molecular profiling to identify patients whose tumors do not have a dysregulation of the pathway, which may render them insensitive to Nrf2 modulation. On the other hand, the high prevalence of PI3K pathway dysregulation in cancer cells could offer the opportunity to selectively modulate this pathway via Nrf2 in non-tumor cells, an approach that deserves exploration.
Experimental Procedures
Tissue Culture, Plasmids, and siRNAs-Different cell lines with activating mutations in the PI3K pathway (H460, MCF7, MDA468, BT20, T47D, and MDA231) and cell lines without any reported PI3K pathway mutations (A549, HEK293T, H358, H322) were cultured in RPMI media supplemented with 10% fetal bovine serum and 1% PenStrep (100 units/ml penicillin and 100 g/ml streptomycin) and grown in 5% CO 2 at 37°C. For Nrf2 down-regulation, we used a Nrf2 stealth RNAi siRNA (#HSS181505) as well as Stealth RNAi™ siRNA Negative Control Hi GC Duplex #2 (Invitrogen). For Nrf2 overexpression, a Nrf2 cDNAs plasmid (NC16 pCDNA3.1-FLAG-NRF2), a gift from Randall Moon (Addgene plasmid # 36971), and a control pcDNA3.1 plasmid were used in our experiments.
Transfection Conditions-Cell lines were seeded to be ϳ80% confluence on the day of transfection. Lipofectamine RNAiMax was used for siRNA transfections, whereas Lipofectamine LTX was used for cDNA transfections, as per the manufacturer's protocol (Invitrogen). In all cases the transfection mix was added to the cells for 6 h, then removed and replaced by the medium overnight. Cells were collected for total protein and total RNA extractions or processed for luciferase assay analysis.
Western Blot-Protein expression analysis was performed by Western blot. Cells were disrupted with lysis buffer (20 mM Tris, pH 7.5, 420 mM NaCl, 2 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, 0.5% Triton, 1 mM PMSF, 1 mM DTT, 2 mM NaF) for 30 min on ice followed by a 20-min spin at 13,000 rpm to pellet debris. The supernatant was then removed and quantified using the Bradford protein assay, and 40 g of cell protein/lysate per sample was loaded and run through a 10% SDS-PAGE gel followed by electrophoretic transfer for 2 h onto a Bio-Rad nitrocellulose membrane (Bio-Rad). Blots were probed overnight at 4°C with the following antibodies: rabbit anti-Nrf2 (catalog #2178-1, lot #YJ11151C, Epitomics, Burlingame, CA), rabbit anti-mTOR (catalog #2983, lot #14, New England Biolabs, Ipswich, MA), rabbit anti-phosphoS6K (catalog #9208, lot #3, New England BioLabs), and mouse anti-␤-actin (catalog #A5316, lot#051M4892, Sigma), then incubated with specific secondary antibodies for 1 h at room temperature. The results were documented on X-ray film with ECL detection and autophotography.
RNA Extraction and Quantitative RT-PCR-Total RNA was isolated using EZ-10 DNAaway RNA Mini-Preps Kit (Bio Basic Canada INC, Markham, Canada) according to the manufacturer's protocol. 1 g of total RNA from each sample was used to synthesize cDNAs using SuperScript II Reverse Transcriptase (Invitrogen). cDNAs were used as a template for quantitative real-time PCR detection using the SensiFAST SYBR and fluorescein kit (FroggabioBio Scientific solutions, Toronto, ON, Canada). The sequence of primers used to amplify NRF2, MTOR, NQO1, and GAPDH genes are described in Table 1 . The amplification reactions were carried out with the Applied Biosystems 7500 Fast Real-time PCR System (Applied Biosystems, Waltham, MA). The comparative ⌬⌬Ct method was used for relative quantification of the amount of mRNA in each sample normalized to GAPDH transcript levels.
Luciferase Assay Constructs-The core ARE sequence (TGACXXXGC) in both DNA strands was used to screen up to 1 kb upstream from the start of transcription site of MTOR. Bioinformatics algorithms, including InSilicase and Scope were used to identify potentially active ARE sequences in MTOR promoter. A putative ARE site was localized in MTOR promoter at 723 bp upstream of the transcription starting site (TSS), whereas for NQO1, a ARE site located at 185 upstream of TSS was already reported to be responsive to Nrf2 (52) . Fosmid clones containing MTOR and NQO1 promoters (clone WI2-2664E12 and clone WI2-637O21, respectively) were purchased from BAC/PAC resources center (Children's Hospital, Oakland, CA) and used as the template to amplify the promoter region of MTOR and NQO1. A region of MTOR promoter reaching 1104 bp upstream of TSS and a region of NQO1 promoter (603 bp upstream of TSS) were amplified and cloned in pGL3-basic vector (Promega, Madison, WI), which lacks eukaryotic promoter and enhancer sequences, allowing maximum flexibility in cloning putative regulatory sequences. Inserts were cloned through SacI and MluI restriction sites to produce MTOR-pGL3 and NQO1-pGL3 plasmids, respectively (Fig. 3) . For site-directed mutagenesis, the TGA portion of the AREs was deleted using the QuikChange II XL site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA), and the presence of mutation was ascertained by sequencing of ARE region. Primers used in promoter cloning and mutagenesis are described in Table 1 . A potential binding motif sequence for p65 is also present 8 bp downstream of the ARE site (GAA-ATTCC; see complete sequence including ARE in Table 1 ).
Luciferase Assay-FLAG-Nrf2 or siNrf2 and their respective controls were co-transfected with pGL3 or vectors containing MTOR or NQO1 promoters. Renilla luciferase plasmid (pRL) was included in all transfections. 24 h after transfection the cells were lysed with passive lysis buffer (Promega), and luciferase activities were analyzed in 10 l of cell extracts with the dual luciferase assay kit (Promega). The relative luciferase activity, expressed as a ratio of reporter activity (firefly luciferase) to that of control plasmid (Renilla luciferase), was obtained in triplicates for each sample using the Glomax 20/20 Luminometer (Promega). The results shown are from a representative experiment performed at least three times.
EMSA-30 base primers containing the wild-type and mutants ARE sequences for NQO1 and MTOR as well as their reverse-complement sequences were generated at IDT (Integrated DNA Technologies, San Jose, CA) (see sequence in Table 1 ). Primers (sense and antisense) were annealed by heating at 95°C for 10 min, then decreasing temperature by 5°C each for 2 min until reaching 4°C. Double-strand probes were then labeled with the radioactive isotope [␥-32 P]ATP at 30°C for 30 min followed by 10 min of incubation at 65°C. Radiolabeled probes were incubated at room temperature for 30 min with nuclear extracts from A549 cells, which were transfected with siNrf2 or scrambled siRNAs. The incubation was performed in buffer containing 20 mM HEPES-KOH, pH 7.9, 60 mM KCL, 1 mM MgCL2, 1 mM EDTA, 1 g of poly(dI-dC) dithiothreitol, 10% glycerol, 0.2 mM ZnSO4, and 10,000 cpm [␥-32 P]ATP-labeled probe. Protein-DNA complexes were resolved through a 4% polyacrylamide gel. The gel was then dried and subjected to autoradiography with an intensifying screen at Ϫ80°C.
DNA Pulldown Assay-Biotinylated primers containing the wild-type and mutants ARE sequences for NQO1 and MTOR as well as their reverse-complement sequence were used in pulldown assays (sequences in Table 1 ). The annealing reaction of the primers was performed as described for the EMSA experiment. For DNA-protein binding reactions, 200 g of A549 nuclear protein extraction was incubated overnight at 4°C on a shaker with 10 g of biotinylated probes in 1 ml of binding buffer (20 mM Tris, pH 8.0, 10% glycerol, 6.25 mM MgCl 2 , 5 mM dithiothreitol, 0.1 mM EDTA, 0.01% Nonidet P-40, and 200 mM NaCl). After 1 h of incubation with 50 l of the Dynabeads MyOne™ Streptavidin C1 magnetic beads (ThermoFisher Scientific, Waltham, MA), immobilized templates were washed 3 times with 0.5 ml of binding buffer, dried, and resuspended on SDS/loading dye. The samples were then boiled, and bound proteins were resolved on a 10% SDS-PAGE, transferred onto nitrocellulose membrane, and immunoblotted with anti-Nrf2 antibody (Abcam, Cambridge, MA).
ChIP-Cells were grown until 80% confluence in 15-cm plates and transfected with 15 g of FLAG-Nrf2 (or pCDNA) vector in the case of Nrf2 overexpression and with 200 nM of siNrf2 (or scrambled siRNA) for Nrf2 down-regulation. 24 h after transfection, medium was discarded, and cells were crosslinked in 1% formaldehyde for 10 min at room temperature. The reaction was ended by adding glycine at a final concentration of 125 mM for 5 min. Cells were collected with 5 ml of PBS and centrifuged for 20 min at 5000 rpm, and pellets were resuspended in 1 ml of lysis buffer (0.5% Nonidet P-40, 0.5% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8, 50 mM NaCl, and 5 mM EDTA. Protease inhibitors, PMSF, and NaF were added directly before lysis. To obtain DNA fragments having sizes from 200 to 1000 bp, lysates were subjected to 15 rounds of sonication. Each round consisted of 10 seconds sonication at 23% amplitude, followed by 1 minute rest. Lysates were centrifuged for 30 min at 14,000 rpm, and the supernatants were transferred to a new Eppendorf tube and then quantified. One percent of the lysate was used to verify the amount of DNA for each immunoprecipitation. For each reaction, 400 g of chromatin and 20 l of ChIP-Grade Protein G Magnetic Beads (New England BioLabs, catalog #9006S) was used for immunoprecipitation with antibodies against Nrf2 (H300: rabbit Nrf2 antibody, Santa Cruz Biotechnology, Dallas, TX), H3-K27me3 (New England BioLabs; catalog #9733, lot #8), H3-K4-me3 (New England BioLabs, catalog #9751P, lot 9), and p65 (New England BioLabs; catalog #8242P). Normal rabbit IgG antibody (New England BioLabs; catalog #2729S, lot #7) was used as a negative control. Samples were immunoprecipitated overnight at 4°C, and the beads were washed 5 times for 5 min with 1 ml of ice-cold immunoprecipitation buffer. After the final wash, immunoprecipitation buffer was removed, and 100 l 10% (w/v) Chelex slurry was added directly to the washed beads as described in Nelson et al. (53) . Sampled were vortexed to mix the slurry and boiled for 10 min, then centrifuged for 2 min at room temperature, and the supernatant containing the DNA was transferred to new Eppendorf tubes. Samples were treated with proteinase K for 1 h at 55°C, then for 5 min of incubation at 100°C to neutralize the enzyme. 2 l of each sample was used to amplify the ARE promoter regions of MTOR and NQO1 using primers described in Table 1 . We used the "Fold Enrichment Method," which calculates signal over background to normalize ChIP-quantitative PCR data. With this method, ChIP signals are divided by the IgG signals (considered as background) representing the ChIP signal as the -fold increase in signal relative to the background signal.
Statistical Analysis-Where indicated, experiments were performed at least three times, and data are expressed as the means Ϯ S.D. Controls and experiments were compared using the two-tailed unpaired t test. Statistical significance was deemed as: p Ͻ 0.05; p Ͻ 0.01; p, Ͻ 0.001. 
